Chronic noncommunicable diseases (NCDs) are now prevalent in many low-and middle-income countries and confer a heightened risk of disability. It is unclear how public health programs can identify the older adults at highest risk of disability related to NCDs within diverse developing country populations. We studied nationally representative survey data from 7,150 Indian adults older than 50 years of age who participated in the World Health Organization Study on Global Aging and Adult Health (2007)(2008)(2009)(2010) to identify population subgroups who are highly disabled. Using machine-learning algorithms, we identified sociodemographic correlates of disability. Although having 2 or more symptomatic NCDs was a key correlate of disability, the prevalence of symptomatic, undiagnosed NCDs was highest among the lowest 2 wealth quintiles of Indian adults, contrary to prior hypotheses of increased NCDs with wealth. Women and persons from rural populations were also disproportionately affected by nondiagnosed NCDs, with high out-of-pocket health care expenditures increasing the probability of remaining symptomatic from NCDs. These findings also indicate that NCD prevalence surveillance studies in low-and middle-income countries should expand beyond self-reported diagnoses to include more extensive symptom-and examination-based surveys, given the likely high rate of surveillance bias due to barriers to diagnosis among vulnerable populations.
India is expected to face a higher burden of chronic disease than any other country in the world over the next decade. The rapid decline in the infant mortality rate since the early 1950s, as well as improved control of some key infectious diseases, has produced a significantly aging population in India, with over 16% of the population being older than 50 years of age as of 2010; the proportion over 50 years of age is expected to rise to 33% by the year 2050 (1) . Within the next 2 decades, older adults (defined as those 50 years of age or older) are expected to bear nearly half of the total disease burden in India, mostly due to noncommunicable diseases (NCDs) (2) .
To date, the data that have been used to evaluate who is most at risk for disability in developing countries like India and China has been criticized for being limited and of poor quality (3) .
Most assessments have used projections from small surveys conducted in isolated populations, generating criticism that many of our statistics about aging, disability, and NCDs do not reflect which subpopulations are most affected within highly heterogeneous countries (4) . The dilemma of which populations should be targeted for assistance is a major problem facing public health departments with limited resources. A number of alternative theories have been put forth regarding the optimal public health response to aging, NCDs, and disability in developing countries. On one hand, it has been argued that NCDs and associated disabilities among older populations are diseases of affluence that are more common among high-income populations (5, 6) . Conversely, it has been argued that populations such as the urban poor and rural women have not commonly been the subjects of NCD prevalence studies; the lack of access to health care among such groups may produce surveillance biases in surveys that rely on self-reported diagnostic history (7) .
Our goal in the present study was to find and characterize which older adults in India face the highest burden of disability by identifying their sociodemographic characteristics to help public health programs target the most affected populations, particularly given the high rate of yet-undiagnosed NCDs. Our approach was to analyze individual-level longitudinal data from wave 1 of the recent World Health Organization (WHO) Study on Global Ageing and Adult Health (SAGE) to isolate the relationships between disability and chronic disease among adults older than 50 years of age in India (8) . SAGE offers data on NCDs, disability, and sociodemographic characteristics in a nationally representative manner, using innovative techniques to detect previously undiagnosed NCDs (1).
MATERIALS AND METHODS

Survey methods
The SAGE survey was a standardized, validated household and individual survey conducted among adults aged 50 years or older with a comparison sample of younger adults aged 18 to 49 years. A multistage, stratified clustered sample design was used, as detailed in the Web Appendix (available at http:// aje.oxfordjournals.org/); household clusters were sampled to reflect data from the Indian Census in terms of age, sex, level of wealth/local economic development, and urban/rural residency (9) . Institutionalized populations were excluded. We examined the first wave of SAGE (the most current data available), which was conducted from 2007 to 2010, followed by data-checking and synthesis by WHO from 2011 through 2012 and public use data release in February 2013. Hence, our analysis is cross-sectional in nature.
The survey instrument consisted of a household roster with questions on dwelling characteristics, assets, and expenditures; an individual questionnaire on health status, risk factors, disability, work history, and chronic conditions; and a proxy questionnaire for individuals judged by the interviewer to require a proxy response from other members of the household because of sensory, motor, or cognitive limitations. Questionnaires were piloted in 2005 as part of a SAGE pretest among 469 respondents in India (8) . Wealth was assessed through a tabulation of household ownership of durable goods (chairs, tables, cars, television, telephone, or washing machineor access to electricity), dwelling characteristics (type of floors, walls, and cooking stove), and access to services such as clean water, sanitation, and cooking fuel. This metric is less biased by respondent inconsistencies than simple reporting of income (10) . Disability was assessed using the composite World Health Organization Disability Assessment Schedule 2.0, inverted (WHODASi) disability questionnaire, which captures 6 domains of day-to-day functioning in the last 30 days: understanding and communicating, getting around, selfcare, getting along with people, life activities, and participation in society (see Web Appendix 1 for the full question list, which includes functional status questions for activities of daily living and instrumental activities of daily living). The instrument was validated in India prior to use (11) .
To assess chronic disease status, SAGE included 3 sets of measurements. First, previously diagnosed NCDs, which are subject to diagnostic and recall biases, were assessed using the question, "Have you ever been told by a health professional that you have . . .?" or "Have you ever been diagnosed with . . .?" for each of 9 NCDs: angina, osteoarthritis, asthma/reactive airway disease, cataracts, chronic obstructive lung disease (chronic obstructive pulmonary disease/ emphysema/chronic bronchitis), diabetes, depression, hypertension, and stroke. Commonly accepted terms in local languages, with explanations, were provided and validated in the pilot study against medical histories. Second, symptombased diagnoses were assessed using validated symptom scales forangina (a Rose questionnaire (12, 13) ), osteoarthritis (based on a receiver operating characteristic curve analysis what generated an algorithm for osteoarthritis diagnosis by symptoms (14) ), depression (the Composite International Diagnostic Interview for depression (15) ), and stroke (also through receiver operating characteristic curve analysis, (14) ). Third, examination-based diagnoses were made during the survey itself using standardized protocols for visual problems using a Tumbling "E" logMAR chart (with corrective lenses on, if applicable), for chronic obstructive pulmonary disease using a series of 3 spirometry tests, and for hypertension through 3 repeated blood pressure assessments with an automated sphygmomanometer (16, 17) . Web Appendix 1 contains full details of the validated symptom-based and examination-based diagnostic algorithms. The diagnosis of diabetes was not assessed by symptoms (given the absence of a validated symptomatic algorithm) or examination testing (given the absence of laboratory testing facilities). Respondents were also asked if they had ever received medical therapy for each chronic condition they reported, received therapy in the past year, and were currently taking medication or other treatment for each condition at the time of the interview. Further questions included metrics of out-of-pocket cost, as specified in Table 1 .
The questionnaire was translated from English into 8 local languages and administered face-to-face at participants' homes via trained mobile survey staff. Standardized training, interview protocols, and quality assurance procedures were used across all participating sites (8) . Each survey team comprised 1 male and 1 female interviewer and an additional person to conduct the anthropometric measurements. Site-based training for survey staff averaged 4.5 days across the sites. The median interview time was approximately 40 minutes for the household questionnaire and 120 minutes for the individual questionnaire. One household questionnaire was completed per household. A total of 12,198 individuals in 10,424 households were interviewed, including 7,150 individuals 50 years of age or older, with a 92% questionnaire response rate.
Statistical analysis
The goal of the present analysis was to identify sociodemographic correlates of disability as measured on the WHODASi scale. We first performed standard multivariate regressions on disability against the metrics in Appendix Table 1 , which included metrics of sociodemographic status, chronic disease, and health care access/utilization. Furthermore, we adopted a machine-learning/data-mining algorithm known as regression tree analysis that does not become potentially biased in the presence of multiple collinear variables (e.g., wealth and education) (18) . The algorithm tests multiple complex combinations of interactions among variables to identify a logical sequence of sociodemographic and health variables that are associated with higher or lower disability scores. As detailed in the prior literature (19) , the algorithm sequentially partitions the sampled population to identify subgroups with significantly higher or lower disability scores than others using recursive partitioning to find an optimal factor that can divide the population into higher or lower disability score values with at least 50% sensitivity and 50% specificity. After choosing and splitting on the first optimal factor, the algorithm then separately searches each subgroup or branch of the first split for the next most optimal factor on which to divide the population, using all factors as potential candidates. This procedure is repeated to build subsequent branches to the tree until the subgroup samples become small (n < 100) or no further significant discriminating variables are found (at a conservative 2-sided P < 0.001 threshold, using a Bonferroni correction to prevent multiple testing error). The analysis was performed in R, version 2.15.1 (R Foundation for Statistical Computing, Vienna, Austria), and further details and associated statistical code for replication is provided in Web Appendix 1.
For the analysis, we used all metrics listed in Appendix Table 1 as regressors (including metrics). Participants with missing data were excluded, but SAGE survey sampling weights were applied to construct a nationally representative sample, taking into account unequal probabilities of sample selection resulting from the survey design, nonresponse, and noncoverage. Reported prevalence rates for the studied NCDs were age-standardized using the direct method against United Nations population estimates (20) . Table 1 provides summary statistics of sociodemographic characteristics among the analyzed cohort of Indian adults 50 years of age or older (see Web Table 1 for disaggregation by sex). The table reveals a relatively even split among age, sex, and wealth categories, a higher sampling of rural (71%) than urban respondents, a large (>20%) number of widows, and the majority of the population (>95%) without health care insurance coverage, all of which are consistent with Indian Census estimates of the country's population characteristics among adults 50 years of age or older (21) . Figure 1 provides the data on NCD prevalence ( previously diagnosed and symptom/examination-based) in the studied cohort, as well as levels of disability and details on the socioeconomic distribution of NCD prevalence. Arthritis was the most common previously diagnosed NCD (18.2% prevalence in adults aged 50 years or older), followed by cataracts (17.7%) and hypertension (17.0%). The prevalence of NCDs based on the survey's symptom-based and examination-based algorithms was, expectedly, higher than previously diagnosed NCD prevalence, given limited health care access in India. As shown in Figure 1 , among the diagnoses for which symptom-or examination-based metrics were directly comparable to previous diagnoses (angina, arthritis, depression, hypertension, and stroke), the symptom/examination-based and previousdiagnosis metrics were most different for hypertension (17.0% of the sample with a previous diagnosis versus 34.7% hypertensive on examination; the examination did not detect those diagnosed with hypertension that was adequately controlled via medical therapy at the time of the examination) and osteoarthritis (18.2% of the sample with a previous diagnosis versus 32.6% who met osteoarthritis criteria by the validated symptombased diagnostic algorithm). Table 5 provides the estimates disaggregated by sex. Note that wealth quintiles are imperfect when using the World Health Organization sampling weights because the weights were calculated using an older version of the Indian Census than was applicable during actual sampling; we chose not to recode the weights to force wealth quintile equality, as this recoding would generate subtle biases in the sex and residential (urban/rural) distributions rather than the more transparent skew towards higher wealth quintiles which is easier to interpret, as per World Health Organization guidelines and recent analyses (9, 23) . There was surprisingly little overlap between individuals who reported previously diagnosed NCDs and those who screened positive on the symptom/examination-based NCD diagnostic metrics. For example, only 88 individuals who reported previously diagnosed angina met the clinical criteria for angina on symptom screening, whereas 274 others met symptom/ examination-based criteria but denied being diagnosed previously (see Web Table 2 for correspondence tables by diagnosis). Less surprisingly, there was a significant wealth gradient between the 2 metrics, as shown in Figure 1 (P < 0.001 in the wealth-by-diagnosis interaction). Although previously diagnosed NCDs were most prevalent in the top 2 wealth quintiles, previously undiagnosed NCDs that were first diagnosed through the SAGE symptom/examination-based algorithms were most prevalent in the bottom 2 wealth quintiles.
RESULTS
Both previously diagnosed and previously undiagnosed persons had significantly greater disability scores than did those without any NCDs. Having 1 or more previously diagnosed NCD (48.9% of the studied population) was associated with a 9.6point lower WHODASi score (worse disability) than having no diagnosed NCDs (P < 0.001) after incorporation of the sociodemographic control variables from Table 1 into the regression (see Table 2 for regression results). An approximately 5-point difference in WHODASi score corresponded to clinically meaningful variations in disability (22) . Persons with more than 2 previously diagnosed NCDs (19.8% of the studied population) had a 10.6-point worse WHODASi score than did those with 1 or no NCDs after incorporation of the sociodemographic control variables (P < 0.001). Upon analysis of individual NCDs, stroke was associated with the greatest degree of disability (−12.6 points) and cataracts was associated with the lowest degree of disability (−4.5 points), although all individual NCDs were associated with significantly worse disability scores (see Web Tables 3 and 4 for disaggregated tables by individual NCD). When re-running the regressions using the symptom/examination-based metrics rather than previous diagnosis as a metric, the key differences in the results were higher prevalences of NCDs in persons with lower wealth and in more rural populations, but there was still a significant correlation between disability and having symptom/examination-based NCDs ( Table 2 and Web Table 4 ).
To further identify the best correlates of disability and their interactions, we performed a regression tree analysis on WHODASi disability scores (Figure 2A and Web Table 5 ). This data-mining approach revealed that the largest subdivision within the studied cohort using the regressors in Table 1 was between people experiencing more than 2 symptom/ examination-based NCD diagnoses versus those experiencing fewer than 2, as depicted in Figure 2A . This metric separated the cohort into persons with a more severe mean disability score (36.2 or less for those with 2 or more symptom/ examination-based diagnoses) and those with a less severe score (53.7 or higher). A second branch of the tree (shown on the left of Figure 2A ) further separated individuals by age (greater or less than 65 years), such that the older group with more than 2 symptom/examination-based NCD diagnoses had the highest levels of overall disability (lowest mean WHODASi score of 29.9; labeled group 1 in Figure 2A ). Those who had more than 2 NCD diagnoses but were less than 65 years of age were significantly less disabled (mean WHODASi score = 41.5; group 2). On the right side of the tree were the less disabled groups. Sex was a key branching correlate of disability among those with fewer than 2 symptom/examination-based NCD diagnoses. Women were significantly more disabled than were men (among women with less than 2 NCDs (group 3), WHODASi score = 47.1; among men, mean WHODASi score = 58.9), as shown in the second branch on the right in Figure 2A . Among men with fewer than 2 NCDs, age was the final correlate of disability, with respondents more than 73 years of having significantly more disability (WHODASi score = 40.9; group 4) than younger men (WHODASi score = 61.0; group 5). We further characterized the major sociodemographic characteristics of the groups having highest and lowest disability scores. As shown in Table 3 , both groups were disproportionately rural, although the higher disability group was also older and predominantly female. Given that the regression tree analysis revealed that having at least 2 symptom/examination-based NCDs was a key correlate of disability, we further examined which sociodemographic factors would best predict who would fall into this category. Running the data-mining algorithm against the presence of 2 or more symptom/examination-based NCDs ( Figure 2B ), we found that not having been diagnosed with an NCD in the past was a significant determinant of the probability of having 2 or more symptom/examination-based NCD diagnoses. Among persons with undiagnosed NCDs, out-of-pocket expenditures comprised the next most explanatory correlate, with higherthan-median expenditures increasing the probability of having at least 2 symptom/examination-based NCDs to 0.79 (group 1 in Figure 2B ), compared with a probability of 0.52 among those previously diagnosed (group 3) and 0.21 among those undiagnosed but having low out of pocket expenditures (group 2 in Figure 2B ). The most susceptible group (group 1) was predominantly rural (74%) and in the lowest wealth quintile, with a 47% higher chance of being undiagnosed and having high out-of-pocket expenditures than the top wealth quintile even though all groups were almost universally uninsured.
DISCUSSION
In the present study, we detected and characterized which older adults in India face the highest burden of disability and identified their sociodemographic characteristics to help public health programs target the most affected populations. In addition to performing standard multivariate regressions on disability against metrics of sociodemographic and health variables, we used a machine-learning/data-mining algorithm, which does not become potentially biased in the presence of multiple collinear variables, to test all complex combinations of interactions among variables and to identify a logical sequence of variables that are associated with higher or lower disability scores. We found high levels of NCDs in the population of Indian adults who were 50 years of age or older, with previously diagnosed NCDs most prevalent in the top 2 wealth quintiles and previously undiagnosed NCDs most prevalent in the bottom 2 wealth quintiles. Having at least 2 symptom/ examination-based NCDs was a key correlate of disability. Among those with previously undiagnosed NCDs, out of pocket expenditures were also an important explanatory factor for having symptomatic/examination-detectable NCDs. Women and rural populations were particularly affected by disability, underscoring the importance of including them in this research area. These groups have been excluded or undersampled in many NCD studies to date (4).
These results contribute significant new insights to the literature on disability in low-and middle-income countries such as India. Although there are notable variations among lowand middle-income countries, India serves as a health policy model for several other developing countries because of its rapid development and the extensive internal heterogeneity, which make it a natural country for understanding aging in low-and middle-income countries. Although prior studies in such countries have found that disability is common among older adults with chronic diseases, they did not clarify which subpopulations were particularly affected and required further public health investigations. Our use of a nationally representative survey adds detailed, comparable data across a broad spectrum of social variables to simultaneously analyze large, heterogeneous populations. In fact, our results suggest that surveys based on self-reported diagnoses of NCDs alone may be biased towards finding NCDs among wealthier groups in a manner that misses key lower-income groups with significant undiagnosed NCD burdens. The fact that the disease-disability relationship was similar whether NCDs were self-reported or symptom/examination-based, however, suggests that collection of less expensive self-reports (without symptom/examination) may be adequate for understanding correlates of disability, even though prevalence estimates are biased. Furthermore, the prior literature on disability has acknowledged that numerous social factors interact to produce chronic disability. Here, by applying the novel machine-learning approaches to regression to identify key correlates and their interactions, we were able to characterize complex interactions further and examine which commonly collected variables from sociodemographic and health surveys may be optimal for Indian public health officials to note as they conduct wider-scale screening to identify targets for disability support programs.
As with any survey-based study, however, the results of our study have several notable limitations. First, although symptomand examination-based screenings are validated approaches for the detection of some NCDs, they were not possible for other NCDs, such as diabetes, and may not be directly comparable to office-based diagnostic approaches supplemented by laboratory study. Furthermore, low language or health literacy in some Indian populations may mean that self-reported NCD metrics may be biased downwards; this would serve to strengthen our concern that self-reported surveys alone may miss much of the NCD burden, artifactually producing the wealth disparities we noted between previously diagnosed and previously undiagnosed disease. Nevertheless, it is logical that differential health care access may also be playing a role.
Another limitation is that, although SAGE is a longitudinal study, here we only have data from symptom-and examinationbased metrics that were performed in wave 1 of the study, as wave 2 and later waves remain to be completed and data from them have not yet been publicly released. Hence, we cannot attribute unidirectional causality between variables; we can only identify sociodemographic and health variables as associations and indicators of disability. There is likely a reverse causal pathway by which disability also contributes to higher NCD risk (e.g., disability increasing the risk of sedentary lifestyles, which in turn could increase the risk of additional NCDs), producing a vicious cycle between NCDs and disability. From a public health perspective, the "chicken or egg" issue of unidirectional causality can be viewed separately from the issue of how to identify and intervene among populations most vulnerable to chronic disability. Hence, our focus was on identifying and characterizing the indicators of disability that are commonly available in national health surveys that omit detailed functional assessments but include basic symptom and sociodemographic data. Commonly used theoretical frameworks for disability assume the main association is in the direction we have tested in this article (i.e., NCDs to disability) (10) . Despite these limitations, SAGE offers novel opportunities to investigate pathways of interaction between social variables, health states, and disability. As data from the longitudinal component of SAGE become available in the future, it will be possible to answer a few key hypotheses through further research. A key dimension for future research, given our results, isto understand what variations in social and health care circumstances, in addition to health behavior practices, may lead to variability between men and women in disability, as well as what factors particularly affect rural groups and determine out-of-pocket health care expenditures. This may require further ethnographic analysis and understanding of local health systems, which is not possible through the survey framework we adopted here.
In summary, the present study provides critical insights into the vast heterogeneity of disability within India, which is likely also relevant to other low-and middle-income countries in which disability and NCD prevalence studies to-date have typically focused on national average statistics without distinguishing the causes of varied vulnerability. As SAGE and other studies take place, we can identify factors that contribute to vulnerability and resilience, with the aim of targeting public health programs toward those most likely to suffer from chronic disabling states.
